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Summary
The COP9 signalosome (CSN) is a conserved protein
complex found in all eukaryotic cells and involved in
the regulation of the ubiquitin (Ub)/26S proteasome
system [1, 2]. It binds numerous proteins, including
the Ub E3 ligases [3, 4] and the deubiquitinating en-
zyme Ubp12p [5], the S. pombe ortholog of human
USP15. We found that USP15 copurified with the hu-
man CSN complex. Isolated CSN complex exhibited
protease activity that deubiquitinated poly-Ub sub-
strates and was completely inhibited by o-phenan-
throline (OPT), a metal-chelating agent. Surprisingly,
the recombinant USP15 was also not able to cleave
isopeptide bonds of poly-Ub chains in presence of
OPT. Detailed analysis of USP sequences led to the
discovery of a novel zinc (Zn) finger in USP15 and
related USPs. Mutation of a single conserved cysteine
residue in the predicted Zn binding motif resulted in
the loss of USP15 capability to degrade poly-Ub sub-
strates, indicating that the Zn finger is essential for
the cleavage of poly-Ub chains. Moreover, pulldown
experiments demonstrated diminished binding of
tetra-Ub to mutated USP15. Cotransfection of USP15
and the Ub ligase Rbx1 revealed that the wild-type
deubiquitinating enzyme, but not the USP15 mutant*Correspondence: bettina.hetfeld@charite.de (B.K.J.H.); wolfgang.
dubiel@charite.de (W.D.)
7Current address: Amraserstraße 42, 6020 Innsbruck, Austria.with a defective Zn finger, stabilized Rbx1 toward the
Ub system, most likely by reversing poly/autoubiqui-
tination. In summary, a functional Zn finger of USP15
is needed to maintain a conformation essential for
disassembling poly-Ub chains, a prerequisite for res-
cuing the E3 ligase Rbx1.
Results and Discussion
The CSN and the 26S Proteasome Lid Complex
Bind Gold-Labeled Tetra-Ub
The multimeric CSN complex participates in important
processes such as DNA repair [6], cell cycle regulation
[7], development [8, 9], and angiogenesis [2]. The pleio-
tropic effects of the CSN might be explained by its role
in the regulation of the ubiquitin (Ub)/26S proteasome
system. CSN subunits and components of the 26S pro-
teasome lid exhibit significant sequence similarities
[10, 11], and electron microscopy analysis demon-
strated similar architectures [12]. In fact, recent binding
studies have indicated that the CSN might replace the
lid of the 26S proteasome [13].
To further investigate an analog function of the CSN
and the lid, we purified both complexes from human
erythrocytes and incubated them with tetra-Ub (Ub4) la-
beled with gold particles. Electron micrographs demon-
strate that both complexes bound gold-Ub4. Under our
conditions, approximately one-third of the CSN and
more than half of the lid particles were decorated with
gold-Ub4 (see Figure 1A).
Binding of Ub4 to the CSN might be due to the metal-
loprotease subunit CSN5, which removes Ub and the
Ub-like protein NEDD8 from proteins [6, 14]. It could
also be explained by a CSN-associated protein interact-
ing with Ub4. Therefore, mass spectrometry analysis of
our CSN preparation was performed, and the human
Ub-specific protease USP15 has been identified re-
cently [5]. USP15 belongs to a large group of deubiqui-
tinating enzymes that are responsible for processing
inactive Ub precursors, removing Ub from cellular ad-
ducts, and keeping the 26S proteasome free of inhibi-
tory Ub chains [15]. A function of the fission yeast or-
tholog Ubp12p in maintaining the stability of adaptor
proteins of cullin-RING Ub ligases has been demon-
strated by Wolf and coworkers [5]. Here, we show that
USP15 copurifies with the CSN from human erythro-
cytes (see Figure S1 in the Supplemental Data available
with this article online).
The Deubiquitinating Activity of the CSN
Can Be Completely Inhibited by OPT
The expected deubiquitinating activity of the CSN com-
plex was tested with Ub4 linked via Lys48 as substrate.
Already after 1 hr of incubation, the products Ub3, Ub2,
and mono Ub were detected (see Figure S2A). The CSN
also cleaved a synthesized polyubiquitinated model
substrate, called Ub5-Muc1, of the 26S proteasome.
The substrate is made from the genetically engineered
linear construct Ub-Muc1 (see Supplemental Experi-
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1218Figure 1. Both the Purified CSN and 26S Pro-
teasome Lid Bind Gold-Ub4, and the CSN
Possesses Deubiquitinating Activity that Can
Be Inhibited by OPT
(A) Electron microscopy of purified human
CSN (left panel) and lid (right panel) labeled
with gold-Ub4. The particles were incubated
with 3.5 nm colloidal gold-labeled Ub4. After
30 s, the complexes were negatively stained
with 2% (w/v) uranyl acetate. Free CSN
(CSN) or lid (Lid) complexes and complexes
associated with gold-Ub4 (CSN/gold-Ub4 or
Lid/gold-Ub4) are seen. Approximately one-
third of the CSN and more than half of the
lid particles were labeled with gold-Ub4. In
agreement with previous data, both CSN and
lid complexes appear in a variety of two-
dimensional views with diffuse boundaries
and form di- and oligomers [12].
(B) Effects of inhibitors on deubiquitinating
activity of purified CSN. The CSN was incu-
bated at 37°C for indicated times with Ub4
after preincubation of 15 min in the presence
of 5 mM OPT or 50 µM curcumin. *Samples
with 5 mM NEM were preincubated for 1 hr.
Ub4 alone was incubated as control.
(C) Influence of inhibitors on CSN complex
integrity. The CSN complex was incubated
for 1 hr with or without inhibitors with the
same concentrations as in (B). Western blot-
ting after nondenaturing gel electrophoresis
with the anti-CSN5 antibody showed disrup-
tion of the CSN complex in the presence of
NEM.mental Procedures) and Ub4 enzymatically linked to s
Lys48 of Ub-Muc1. After 2 hr, the protein was well de- b
graded by purified 26S proteasome without any detect- s
able degradation products, as expected (Figure S2B, o
left panel). In contrast, the CSN disassembled the Ub5- 2
Muc1 into all possible deubiquitination products (Figure b
S2B, right panel). In a mixture of 26S proteasome with i
a 10× molar excess of the CSN, Ub5-Muc1 was faster d
deubiquitinated than it was degraded by the 26S pro- t
teasome (data not shown). a
Different inhibitors were tested to discriminate be- w
tween the deubiquitinating activities associated with
the CSN. Cleavage of Ub4 by purified CSN can be com- a
pletely inhibited by the metalloprotease inhibitor o-phe- i
nanthroline (OPT) (Figure 1B). The cysteine agent (
N-ethylmaleimide (NEM) showed little inhibition with 15 u
min preincubation (data not shown). After 1 hr of prein- t
cubation, NEM completely blocked the cleavage (Fig- s
ure 1B). There was little or no impact by the kinase in- u
hibitor curcumin (Figure 1B). Similar data were obtained o
with Ub5-Muc1 as substrate (data not shown). Because s
the effects of OPT and NEM were surprising, we tested U
the influence of used inhibitors on CSN stability. Puri- u
fied CSN was treated with the inhibitors for 1 hr at 37°C,
and this was followed by nondenaturing electrophore-
Isis. As demonstrated in Figure 1C, both OPT and cur-
wcumin had no impact on CSN integrity. In contrast, NEM
fdisrupted the CSN complex completely.
O
pCharacteristics of the Deubiquitinating Activity
wof Recombinant USP15
cThe cysteine protease USP15 contains the typical cata-
lytic triad Cys, His, and Asp [15] (see Figure 2A), which bhould be affected by NEM but not by OPT. The recom-
inant His-USP15 enzyme was incubated with the three
ubstrates Ub-GFP, Ub4, or Ub5-Muc1 in the absence
r in the presence of OPT, NEM, or curcumin. Figure
B demonstrates that His-USP15 cleaved the peptide
ond between Ub-GFP. As expected, the reaction was
nhibited by NEM but not by OPT. His-USP15 quickly
isassembled Ub4 (Figure 2C). In contrast to Ub-GFP,
he degradation of the poly-Ub was blocked by NEM
s well as by OPT. The deubiquitination of Ub5-Muc1
as also completely inhibited by NEM and OPT.
Curcumin is a kinase inhibitor that blocks the CSN-
ssociated kinases CK2 and PKD [2]. Because USP15
s phosphorylated by the CSN and by recombinant CK2
see Figure S3A), the impact of curcumin on the de-
biquitinating activity of the CSN and USP15 was
ested. The data demonstrate that curcumin did not
ignificantly influence deubiquitinating activity (see Fig-
res 1B and 2D). However, as it is shown here, inhibition
f USP15 phosphorylation by curcumin in HeLa cell ly-
ates caused the formation of high-molecular-weight
SP15 species, most likely USP15-Ub conjugates (Fig-
re S3B).
dentification of a Functional Zn-Finger in USP15,
hich Is Essential for the Cleavage and Important
or the Binding of Poly-Ub Chains
ur data indicated that the chelating agent OPT com-
etes for metal of a metal binding domain within USP15,
hich is necessary for the degradation of poly-Ub
hains. Indeed, comparing various USP family mem-
ers revealed a putative Zn-finger motif located be-
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1219Figure 2. The Zinc Finger of USP15 Is Neces-
sary for Efficient Cleavage and Binding of
Poly-Ub Chains
(A) Full-length USP15 splice variant 2 with its
active triad C269, H862, and D879 and the
Zn-coordinating Cys residues in positions
419, 422, 780, and 783. Fragments 1–488
and 724–952 are shown on gray background.
(B) Incubation of His-USP15wt and His-
USP15C783A with Ub-GFP at 37°C in the ab-
sence or presence of 5 mM OPT or 5 mM
NEM for indicated times, and then Western
blotting with an anti-GFP antibody. Ub-GFP
and GFP are indicated.
(C) Degradation of Ub4 by His-USP15wt and
His-USP15C783A under the same conditions
as in (B). Blots were probed with anti-Ub an-
tibody. The position of Ub4 is indicated.
(D) Degradation of Ub5-Muc1 by His-
USP15wt and His-USP15C783A as in (B).
Additionally, 50 µM curcumin was used as
inhibitor. Blots were incubated with anti-
Muc1 antibody. The positions of Ub5-Muc1
and Ub4-Muc1 are indicated.
(E) Binding of His-USP15 with or without NEM
or His-USP15C783A to Ni-NTA beads and in-
cubation with Ub4. After being washed, the
beads were analyzed by Western blotting with
the anti-Ub antibody.tween residues of the catalytic triad (see below; Figure
2A; Figure S4). If the Zn-finger is functional, the muta-
tion of one out of the four cysteine residues forming the
Zn-finger should produce a mutant that behaves like
wild-type (wt) USP15 in the presence of OPT. This is
shown in the lower panels of Figures 2C and 2D. The
Cys783 was mutated to Ala (USP15C783A). The mutant
was tested under the same assay conditions. Recombi-
nant USP15C783A was not able to degrade Ub4 or Ub5-
Muc1. However, the mutant did cleave Ub-GFP just as
the USP15wt (Figure 2B, right panel) did. Thus, our data
point to an essential function of the USP15 Zn-finger in
the cleavage of poly-Ub chains. The binding of Ub to4 sembling a Zn-finger arrangement has been described
Figure 3. Cotransfection of Rbx1 and
USP15wt, but not USP15C783A, Stabilizes
the RING Ligase
HeLa cells were transiently cotransfected
with cDNAs of Rbx1-zz and Myc-vector,
Rbx1-zz and Myc-USP15, or Rbx1-zz and
Myc-USP15C783A. After 48 hr, cyclohexi-
mide (CHX) was added, and cells were incu-
bated for an additional 3 and 6 hr. After incu-
bation, cells were lysed, and equal protein
amounts were loaded onto gels for SDS-
PAGE. Western blotting was performed with
anti-Rbx1, anti-USP15, or anti-α6 antibodies. The antibody against the 20S proteasome subunit α6 was used as a loading control. The anti-
USP15 antibody reacted with the endogenous (lower band) and the ectopically expressed (upper band, labeled with asterisk) USP15wt
or USP15C783A.USP15 was tested in pulldown experiments. His-USP15
or His-USP15C783A were bound to Ni-NTA beads and
then incubated with Ub4. After being washed, bound
proteins were analyzed by Western blotting. The lower
panel of Figure 2E indicates that the mutant bound sig-
nificantly less Ub4 in comparison to USP15wt. NEM
treatment also significantly reduced Ub4 binding. These
data indicate that the Zn-finger is responsible for re-
cognition and binding of poly-Ub chains.
Detailed analysis of USP sequences led to the dis-
covery of a novel Zn-finger (see Figure S4). During the
preparation of this manuscript, a structural element re-
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hblance to Zn-fingers, USP7 does not contain any Zn-
ligating amino acid side chains, and thus, the structure
is devoid of metal ions. Here, we show that USP15 dif-
Sfers from USP7 by having four conserved cysteine resi-
S
dues that are predicted to coordinate a single Zn(II) ion. t
Interestingly, some USPs, including USP15, carry a c
large insertion (more than 250 amino acids) between
the two CxxC-dyads, and the metal center might have a A
role in stabilizing or positioning these inserted domains.
WThis idea is corroborated by the observation that all
TUSPs with large insertions do conserve the Zn binding
t
side chains, whereas HAUSP-like USPs with short or
no insertions are not required to maintain Zn binding.
R
Nevertheless, USP7 is able to degrade poly-Ub chains R
[17], indicating that Zn binding is not a prerequisite for A
poly-Ub cleavage by these enzymes. P
Here, we show that the putative Zn-finger in USP15
Rplays a functional role, most likely through metal bind-
ing. The mutation of one cysteine of the Zn-finger in
USP15C783A caused the ability to cleave Ub4 as well
as Ub5-Muc1 to be lost (see Figures 2C and 2D). Our
results led to the conclusion that USP15 and related
USPs require a functional Zn-finger to adopt a confor-
mation that is needed for binding and cleavage of iso-
peptide-bond-linked poly-Ub chains.
USP15wt Stabilizes the RING Ub Ligase Rbx1
in HeLa Cells: A Possible Function
of the USP15/CSN Complex
Substantiating an important role of the CSN in the Ub/
26S proteasome system, the binding of cullin-based Ub
E3 ligases to the complex has been shown [3, 4]. These
E3 ligases consist of one member of the cullin protein
family (cullins 1–7), a RING-domain Ub E3 ligase (e.g.,
Rbx1), and substrate-specific adaptor proteins [18].
The CSN regulates cullin-based Ub-ligase-mediated
ubiquitination by removing the Ub-like protein NEDD8
from cullins [3, 4, 6, 7, 19–21], in which it is covalently
linked via isopeptide bond, which is cleaved by the
metalloprotease activity of CSN5 [14]. In addition, in fis-
sion yeast, the CSN/Ubp12p pathway maintained the
stability of the Pcu1p-associated substrate-specific
adaptor protein Pop1p [5], which led to the hypothesis
of the CSN being a platform for cullin-RING E3 complex
assembly [22]. Just recently, Wolf and coworkers
showed that fission yeast Ubp12p maintained the sta-
bility of the Cul3p adaptor protein Btb3p, thus facilita-
ting the function of cullin-RING Ub ligases [23].
Here, the impact of USP15 on the stability of the
RING E3 ligase Rbx1 was investigated. As shown in
Figure 3, cotransfection of Rbx1 and USP15wt led to
the stabilization of the Rbx1 protein in HeLa cells. The
USP15 mutant USP15C783A, missing the functional
Zn-finger, was significantly less efficient in maintaining 1
Rbx1 stability, indicating that the cleavage of poly-Ub
chains is necessary for the process. The Ub ligase
Rbx1 is degraded by the Ub system upon autoubiquiti-
1nation [24]. Therefore, we conclude that USP15wt, but
not the USP15C783A mutant, reverses autoubiquitina-
tion of Rbx1. A similar example is USP7, which protects
the RING E3 ligase ICP0 from autoubiquitination and
1degradation [17]. Whether the rescue of RING E3 li-ases by associated USPs is a more general principle
as to be investigated in the future.
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